We present 2 cases of severe re-expansion pulmonary edema (RPE) after one-lung ventilation (OLV) for thoracic surgery. A 32-y-old woman with multiple lung metastases developed severe RPE after OLV during lung resection surgery. A 37-y-old man with infective endocarditis also developed severe RPE after OLV for mitral valve plasty with minimally invasive cardiac surgery. In both cases, results of a preoperative pulmonary function test and oxygenation were almost normal, and pleural effusion or pulmonary congestion was not detected in preoperative computed tomography; however, there was a possibility that subclinical lung injury existed before surgery. The levels of interleukin-8 and monocyte chemotactic protein-1, which are thought to play important roles in the development of lung injury, in bronchial secretions were extremely high after the onset of RPE. These results suggest that the pathogenesis of RPE shares, at least in part, a common pathophysiology of acute lung injury. 
Introduction
Re-expansion pulmonary edema (RPE) is a life-threatening but rare complication after re-expansion of a collapsed lung. Decreased lung interstitial pressure caused by rapid expansion of a collapsed lung has been thought to be an essential factor for the development of RPE. In addition, recent animal studies have shown that cytokines and chemokines also play important roles in the occurrence of RPE. 1, 2 However, there are few reports showing an association of such mediators with the development of RPE in a clinical setting. Here, we report 2 patients in whom RPE occurred during surgery and in whom interleukin (IL)-8 and monocyte chemotactic protein-1 (MCP-1) levels in lung secretions were measured.
Case Reports

Case 1
A 32-y-old woman with lung cancer (in the right lower lobe and left lingual lobe) that metastasized from rectal cancer was scheduled for bilateral video-assisted thoracoscopic surgery for lung resection. She had undergone resection of the rectum for rectal cancer 6 months previously. Adjuvant chemotherapy with oxaliplatin and capecitabine was started 5 months before lung surgery, and 5 cycles of chemotherapy were completed. Preoperative pulmonary function testing revealed normal values, with FEV 1 /FVC of 0.81 and FVC of 108% of predicted, and computed tomography revealed no abnormality other than the tumor shadow. Results of other laboratory tests were unremarkable.
When the patient was admitted to the operating room, her blood pressure was 122/60 mm Hg, heart rate was 70 beats/min, and S pO 2 on room air was 100%. After insertion of an epidural catheter at the thoracic 5-6 interspace, anesthesia (propofol and remifentanil) was administered. After muscle relaxation had been achieved with rocuronium, the patient was intubated with a 35 Fr left double-lumen endotracheal tube. Anesthesia was main-tained with propofol and remifentanil and with intermittent thoracic epidural administration of ropivacaine.
Surgery was started in a right lateral position, and rightlung ventilation was initiated. The patient was ventilated at a peak inspiratory pressure (PIP) of 22 cm H 2 O, and S pO 2 was maintained at 98 -100% with an F IO 2 of 1.0. Segmentectomy of S3 and partial resection of the lingula and S10 of the left lung were completed uneventfully. The left lung was then expanded by manual ventilation with a PIP of 25 cm H 2 O. The duration of right-lung ventilation was 264 min.
After postural change to a left lateral position, a right lower lobectomy was performed. Left-lung ventilation was started ϳ30 min after re-expansion at a PIP of 30 cm H 2 O.
At ϳ1 h after starting left-lung ventilation, bubbly secretions spilled out from the left bronchus, and S pO 2 decreased from 99% to 82% with an F IO 2 of 1.0 in 1 h. Because of hypoxemia, partial resection of the right upper lobe was cancelled. The duration of left-lung ventilation was 125 min. After bilateral-lung ventilation was started, arterial blood gas analysis showed a P aO 2 of 84 mm Hg, P aCO 2 of 60 mm Hg, and pH 7.22 with an F IO 2 of 1.0.
A postoperative chest radiograph showed diffusely spread infiltrates, especially in the left lung (Fig. 1A) , without any symptoms of heart failure, and a diagnosis of RPE was made. The patient was transferred to the ICU, where she was ventilated at a PIP of 22 cm H 2 O and PEEP of 15 cm H 2 O. Four h after the onset of RPE, secretions 2 and PEEP after the onset of re-expansion pulmonary edema (RPE). C: Levels of cytokines and chemokine. The left panel shows mediator levels in bronchial secretions, and the right panel shows mediator levels in serum. The normal serum levels of cytokines and chemokine are as follows: interleukin (IL)-1␤, Ͻ 10 pg/mL; IL-6, Ͻ 4 pg/mL; IL-8, Ͻ 2 pg/mL; tumor necrosis factor alpha (TNF-␣), Ͻ 0.2-2.8 pg/mL; and monocyte chemotactic protein-1 (MCP-1), Ͻ 149 pg/mL. MCP-1 at Ͼ 4,000 pg/mL is above the limit of detection. In Case 1, the mediator levels at 24 h after RPE onset in bronchial secretions and serum were not measured because bronchial secretions were not obtained. The MCP-1 level in bronchial secretions at 4 h after RPE onset was above 4,000 pg/mL. from the left bronchus greatly decreased, and oxygenation improved, showing a P aO 2 of 119 mm Hg with an F IO 2 of 0.7 (Fig. 1B) . Ten h after the onset of RPE, secretions from the left bronchus stopped. On day 2 after ICU admission, a chest radiograph showed improvement of alveolar infiltrates in the right lung, but the diffusely spread infiltrates in the left lung remained. On day 6 after ICU admission, she was extubated and discharged from the ICU. Alveolar infiltration had almost disappeared 1 month after surgery. She was discharged from our hospital 2 months after surgery.
Analysis of bronchial secretions and serum by an enzyme-linked immunosorbent assay revealed that the IL-8 and MCP-1 levels in bronchial secretions were extremely high at the onset of RPE (Fig. 1C) . However, 4 h after the onset of RPE, bronchial mediator levels were decreased. In contrast to bronchial secretions, the levels of these mediators in serum were increased 4 h after the onset of RPE compared with those at the onset of RPE. Tumor necrosis factor alpha and IL-1␤ levels were close to normal levels in both serum and bronchial secretions.
Case 2
A 37-y-old man with fever, exertional dyspnea, and joint pain caused by infective endocarditis was scheduled for mitral valve plasty with minimally invasive cardiac surgery. A transthoracic echocardiogram showed 17 mm ϫ 10 mm vegetation in the anterior mitral leaflet with severe mitral regurgitation as a result of A2 and A3 prolapse, normal left ventricular function with an ejection fraction of 74%, and a tricuspid regurgitation pressure gradient of 27 mm Hg. Laboratory tests showed mild hypoproteinemia (6.3 g/dL), hypoalbuminemia (2.7 g/dL), an increase in C-reactive protein (6.1 mg/dL), and a mild increase in brain natriuretic peptide (58 pg/mL). Ampicillin and gentamicin were administered intravenously after Streptococcus had been detected in a blood culture. Preoperative pulmonary function testing revealed almost normal values with FEV 1 /FVC of 0.92 and an FVC of 79% of predicted. Pleural effusion and pulmonary congestion were not detected in lung computed tomography.
When the patient was admitted to the operating room, his blood pressure was 111/65 mm Hg, heart rate was 94 beats/min, and S pO 2 on room air was 99%. Propofol and remifentanil were administered. After muscle relaxation had been achieved with rocuronium, the patient was intubated with a 37 Fr left double-lumen endotracheal tube. Anesthesia was maintained with sevoflurane, propofol, fentanyl, and remifentanil. Methylprednisolone (1,000 mg) was administered before cardiopulmonary bypass.
Minimally invasive cardiac surgery was performed with a right thoracotomy, and left-lung ventilation was started. The patient was ventilated at a PIP of 22 cm H 2 O before cardiopulmonary bypass. During this period, arterial blood gas analysis showed a P aO 2 of 233 mm Hg, P aCO 2 of 38 mm Hg, and pH 7.45 with an F IO 2 of 1.0. After cardiopulmonary bypass had been established, ventilation was stopped. The duration of left-lung ventilation before cardiopulmonary bypass was 59 min. Mitral valve plasty was performed under mild hypothermia (minimum rectal temperature of 34.1°C) with cardiopulmonary bypass. Cardiopulmonary bypass time was 266 min, and weaning from cardiopulmonary bypass with restart of left-lung ventilation was achieved uneventfully with dopamine (3 g/kg/min) and dobutamine (3 g/kg/min). An intraoperative transesophageal echocardiogram after mitral valve plasty showed normal wall motion and no mitral regurgitation or mitral valve stenosis. Before closing the chest, the right lung was expanded by manual ventilation and ventilated at a PIP of 20 cm H 2 O and PEEP of 6 cm H 2 O. After bilateral-lung ventilation, arterial blood gas analysis showed a P aO 2 of 262 mm Hg, P aCO 2 of 38 mm Hg, and pH 7.45 with an F IO 2 of 1.0. The duration of right-lung collapse was 285 min.
At ϳ40 min after re-expansion of the right lung, a large amount of serous bronchial secretions spilled out from the right bronchus without any symptoms of heart failure. More than 1,000 mL of bronchial secretions was aspirated in 30 min and continued to spill out. A postoperative chest radiograph showed diffusely spread pulmonary infiltrates only in the right lung ( Fig. 2A) . A diagnosis of RPE was made, and the patient was transferred to the ICU. He was ventilated at a tidal volume of 550 mL and PEEP of 12 cm H 2 O, and arterial blood gas analysis showed a P aO 2 of 167 mm Hg with an F IO 2 of 1.0. Four h after the onset of RPE, oxygenation was still poor, showing a P aO 2 of 96 mm Hg with an F IO 2 of 0.7 (Fig. 2B) . Bronchial secretions continued at ϳ1,500 mL over 12 h. Twenty-four h after the onset of RPE, the amount of bronchial secretions gradually decreased to ϳ800 mL over 12 h, and oxygenation slightly improved, showing a P aO 2 of 72 mm Hg on a PEEP of 10 cm H 2 O with an F IO 2 of 0.3. On day 4 after ICU admission, he was extubated. Alveolar infiltration had almost disappeared 1 month after surgery. He was discharged from our hospital 6 weeks after surgery.
Analysis of bronchial secretions and serum by an enzyme-linked immunosorbent assay revealed that the IL-8 and MCP-1 levels in bronchial secretions were not extremely high at the onset of RPE (Fig. 2C) . However, at 4 and 24 h after the onset of RPE, the levels of these mediators were greatly increased. In contrast to bronchial secretions, the levels of these mediators in serum were not changed during the 24-h period after the onset of RPE. Tumor necrosis factor alpha and IL-1␤ levels were close to normal levels in both serum and bronchial secretions.
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Discussion
RPE is a well-known complication after drainage of spontaneous pneumothorax. It has been reported that lungcollapse duration is not relevant to RPE severity in a clinical setting. 3 RPE occurred despite a relatively short lungcollapse duration, 4, 5 suggesting that RPE is likely to occur following re-expansion of a collapsed lung after one-lung ventilation (OLV) in patients undergoing video-assisted thoracoscopic surgery. However, it was reported that the incidence of RPE associated with video-assisted thoracoscopic surgery was only 0.15%, even though video-assisted thoracoscopic surgery for treatment of spontaneous pneumothorax was included. 6 Indeed, despite the routine use of OLV in thoracic surgery, there have been only a few reports of RPE over the past several decades (Table 1) . 4, 5, [7] [8] [9] [10] [11] Importantly, in all of these patients previously reported, lung injury and/or lung diseases had already existed before surgery was performed. Thus, it is likely that RPE after OLV is very rare and can occur only in patients in whom lung injury already coexists.
In our 2 patients, lung injury was not revealed before surgery, and preoperative pulmonary function and oxygenation were normal. However, subclinical lung injury might have existed before surgery. In Case 1, the patient had multiple metastatic lung cancer and received adjuvant chemotherapy with oxaliplatin, which has been reported to have pulmonary toxicity, 12-14 causing pneumonia, diffuse Diffusely spread pulmonary infiltrate only in the right lung is shown. B: P aO 2 /F IO 2 and PEEP after the onset of re-expansion pulmonary edema (RPE). C: Levels of cytokines and chemokine. The left panel shows mediator levels in bronchial secretions, and the right panel shows mediator levels in serum. The normal serum levels of cytokines and chemokine are as follows: interleukin (IL)-1␤, Ͻ 10 pg/mL; IL-6, Ͻ 4 pg/mL; IL-8, Ͻ 2 pg/mL; tumor necrosis factor alpha (TNF-␣), Ͻ 0.2-2.8 pg/mL; and monocyte chemotactic protein-1 (MCP-1), Ͻ 149 pg/mL. MCP-1 at Ͼ 4,000 pg/mL is above the limit of detection. The MCP-1 level in bronchial secretions at 24 h after RPE onset was above 4,000 pg/mL. In Case 2, the patient complained of exertional dyspnea caused by acute severe mitral regurgitation. Severe mitral regurgitation is known to be the main cause of unilateral pulmonary edema, and most cases occur in the right lung because the regurgitant flow is directed to the right pulmonary vein, [15] [16] [17] possibly resulting in right-lung injury. In addition to these preoperative potential lung injuries, subsequent lung damage by re-expansion during surgery might have led to severe RPE after OLV. In Case 1, the collapsed lung was ventilated with a PIP of 30 cm H 2 O. This relatively high PIP may have exacerbated the damage of the lung that was already injured by RPE. IL-8 and MCP-1, which are chemotactic factors for monocytes and neutrophils, respectively, produced mainly by vascular endothelial cells of the lungs, 18, 19 are thought to be involved in the development of acute lung injury and inflammation. [20] [21] [22] [23] The levels of IL-8 and MCP-1 in bronchoalveolar lavage fluid have been reported to correlate with clinical severity and mortality in patients with acute lung injury. 23 Regarding the pathogenesis of RPE, the pulmonary microvascular endothelium is mechanically destroyed immediately after the collapsed lung has been expanded, and ischemia-reperfusion injury subsequently occurs in the injured pulmonary microvessels. 24 Such mechanical and ischemic injuries are thought to result in secretion of IL-8 and MCP-1, leading to increased permeability of pulmonary microvessels. From findings based on previous animal experiments, 1,2 IL-8 and MCP-1 are also thought to be involved in the development of RPE. It has also been reported that IL-8 levels in bronchial secretions at RPE onset are high in patients with RPE due to pneumothorax in which the lungs were collapsed for Ͼ 1 week. 25, 26 Taken together with the previous reports, IL-8 and MCP-1 may be involved in the occurrence and development of RPE even after OLV in humans.
In Case 1, the IL-8 and MCP-1 levels in bronchial secretions at the onset of RPE were extremely high and were dramatically decreased 4 h after the onset of RPE, consistent with an increase in P aO 2 /F IO 2 . However, the serum levels of these mediators at 4 h after the onset of RPE were increased compared with those at the onset of RPE (Fig. 1C) . These differences between the time courses of serum and bronchial secretion levels may indicate that the mediators released from the re-expanded lung exacerbated alveolar and capillary damage and leaked into the circulation.
The levels of these mediators in bronchial secretions in Case 2 gradually increased after RPE onset. The effect of methylprednisolone administration before cardiopulmonary bypass, the influence of cardiopulmonary bypass, and dilution by a large amount of bronchial secretions may have changed the mediator levels in bronchial secretions during the time course of RPE. Finally, the IL-8 and MCP-1 levels in bronchial secretions at 24 h after RPE onset were extremely high in Case 2, suggesting that IL-8 and MCP-1 were also involved in the pathogenesis and/or development of RPE. In fact, alveolar infiltrates did not improve over a period of 24 h (Fig. 2A) . However, oxygenation was improved in Case 2 within 24 h. This discrepancy is probably due to the improvement in the ventilation/perfusion ratio. In Case 2, RPE occurred only in the right lung, and we therefore considered that perfusion shift from the right lung to the left lung occurred and oxygenation improved.
The serum levels of tumor necrosis factor alpha and IL-1␤, which are produced by many types of immune cells in response to systemic injury and inflammation, were low in both cases, suggesting that the systemic inflammation and reaction caused by surgical injury were not critical. In addition, it was reported that tumor necrosis factor alpha and IL-1␤ levels in bronchial secretions at RPE onset were not elevated in a pneumothorax case. 25 Taken together, the results suggest that tumor necrosis factor alpha and IL-1␤ were not involved in the occurrence and development of RPE after OLV in our 2 patients.
IL-6 is thought to be a nonspecific biomarker associated with various diseases, including lung injury, and has also been shown to predict the risk of death in patients with acute lung inflammation. 27 We considered that IL-6 reflected the severity of lung injury associated with RPE in our 2 patients.
Preoperatively existing and/or potential lung injury is an important risk factor for occurrence of RPE after OLV. However, youth is a risk factor for RPE in patients with spontaneous pneumothorax. 3 The incidence of RPE in a 20 -39-y age group was shown to be significantly higher than that in a Ͼ 40-y age group. Our patients were also young, consistent with previous report in which patients with spontaneous pneumothorax were analyzed. Thus, youth is also a risk factor of RPE occurrence after OLV during surgery. In addition, Ͼ 30% of a collapsed lung field is another risk factor for RPE in patients with spontaneous pneumothorax, 3 and the incidence of RPE is higher when the collapsed lung is larger. 28 Because OLV was carried out in our 2 patients, almost 50% of the lung was collapsed. Thus, OLV itself may be a risk factor for RPE in patients who have preoperative lung injury and complications.
In conclusion, RPE occurred during surgery in 2 patients undergoing OLV, in whom subclinical lung injury may have been present before surgery, and their IL-8 and MCP-1 bronchial secretion levels were greatly increased after RPE onset, suggesting that the pathogenesis of RPE shared a common pathophysiology of acute lung injury. Further studies, including bronchoalveolar lavage and biopsy throughout the clinical course of RPE, are needed to elucidate the mechanism and to prevent the development of RPE.
